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ENHANCED BIOLOGICALLY BASED CHRONOTROPIC BIOSENSING 

This application claims priority from U.S. Provisional Application Serial 
Number 60/201,465, filed May 3, 2000, which is hereby incorporated by 
reference. 

5 This invention was made with government support under National 

Institutes of Health, Grant No. POl HL59312. The Government may have certain 
rights in the invention. 

BACKGROUND OF THE INVENTION 

Cardiac chronotropic incompetence is associated with increased morbidity 

10 and mortality (1-3). The majority of cases of symptomatic chronotropic 

incompetence are treated by implantation of a permanent electronic pacemaker. 
Pacemaker responsiveness is one of the most recent developments in pacemaking 
technology. Designed to allow the pacemaker to meet the physiologic needs of 
the individual, pacemaker response elements are most clinically applicable in 

1 5 cases of chronotropic incompetence. Responsive elements are biosensors of 
physiologic demand, commonly measuring O2, temperature or movement as 
surrogates of input signals which direct endogenous cardiac chronotropic activity. 
Unfortunately, while the development of pacemaker responsiveness has improved 
the exercise tolerance of patients as compared to treatments with pacemakers 

20 without responsive elements (4), the potential of this approach has not yet been 
fulfilled (5, 6). Previous studies have demonstrated that when directly compared 
to the endogenous sinus nodal activity, pacemaker responsive elements may have 
only a 70% correlation with endogenous activity (7, 8). Moreover, inappropriate 
chronotropic responsiveness can contribute to diminished exercise tolerance and 

25 fatigue, and less commonly but more importantly, such dysregulation may lead to 
inappropriate tachycardias (9). 

Advances in pacemaker responsiveness have focused both on improving 
the integration of the acquired sensory data and on employing the endogenous 
myocardium into the biosensory circuits. Studies have demonstrated that 
30 sophisticated programming with intensive complex or individualized 

programming may facilitate the blending of multiple sensory inputs in order to 
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improve individual chronotropic regulation to enhance exercise performance (10- 
1 2). An alternative approach in chronotropic responsiveness research has been to 
attempt to exploit the chronotropic regulatory capacity of the endogenous cardiac 
myocardium. Pacemaking biosensors are being tested and developed to 
5 incorporate direct cardiac myocardial signals into the regulation of pacemaking 
including inputs of cardiac contractility (13), and QT intervals (14-16). Recently, 
neural network computer programs have been developed based on the morphology 
of intracardiac electrograms in an attempt to 'learn' physiologic sensing (17). 
While the integration of direct cardiac inputs may have advantages over the more 

1 0 common measurements of surrogate markers of physiologic demand, this 
approach relies on the sensing of pathologic tissue: the chronotropically 
incompetent heart. Indeed, the diversity of the primary or secondary disease 
processes underlying chronotropic incompetence often affects other components 
of the cardiac conduction system (1 8, 19), as well as myocardium (3). Hence, this 

1 5 associated pathology may significantly impair the ability of the endogenous heart 
to function as an accurate biosensor and transducer element for the prediction of 
heart rate. 

Dynamic regulation of biological systems requires real-time assessment of 
relevant physiological needs. Biosensors, which transduce biological actions or 

20 reactions into signals amenable to processing, are well-suited for such monitoring. 
Typically, in vivo biosensors approximate physiological function via the 
measurement of surrogate signals. Biosensors derive utility from their inherent 
selectivity to specific biological signals and their physiologically relevant 
reactions [20]. Most biosensors are molecularly based, relying on a specific 

25 interaction between biomolecules such as antibodies [22, 22], enzymes [23, 24], 
ion channels [25, 26], or nucleic acids [20, 27, 28] and a target compound. 
Alternatively, cell-and tissue-based biosensors [29-31] offer inherent insight into 
physiological function by exploiting the selectivity of the receptors, channels, and 
enzymes that are part of the cell's functional structure. Most cell-and tissue-based 

30 biosensors are used for chemical detection - a task for which they are quite adept, 
but not one for which they specifically evolved. 
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The present invention employs the inherent biosensing capacity of 
excitable tissue in a healthy state. The present invention thus provides 
biologically-based biosensors for the direct measurement of physiological activity 
via functional integration of relevant governing inputs. The subject biosensors 
may be used to monitor physiological function and even replace or augment 
degraded sensing function of endogenous tissue. When implanted, the subject 
biosensors may be used as real-time, integrated bioprocessors of the complex 
inputs regulating dynamic physiological variables. The biosensors of the present 
invention provide biologically-tuned quantification of remote physiological 
function, and are therefore useful as exogenous electropotential interfaces for 
external or implantable devices. 

SUMMARY OF THE INVENTION 

The present invention provides implantable physiological or 
pathophysiological biosensors. The subject biosensors comprise tissue or cells 
capable of carrying out a physiological or pathophysiological function, which can 
be used to monitor a chemical, physiological or pathophysiological variable 
associated with the physiological or pathophysiological function. In one 
embodiment, the tissue or cells are coupled via an electrical interface to an 
electronic measuring device or an electronic amplifying device. In another 
embodiment, the tissue or cells are coupled via an electrical interface to 
endogenous tissue or cells, including the blood. Preferably, the tissue or cells are 
excitable tissue or cells. Examples of excitable tissue or cells include cardiac 
tissue or cells and neuronal tissue or cells. 

The tissue or cells of a subject biosensor may be molecularly, genetically, 
or cellularly engineered. A physiological or pathophysiological variable 
monitored by the biosensor of the present invention may include, for example, 
heart rate regulation or heart rate dynamics. Another chemical, physiological or 
pathophysiological variable which may be monitored by a biosensor of the present 
invention is a level of a compound. Examples of such compounds include but are 
not limited to blood glucose, insulin, thyroid hormone, clotting factors and 
components, endocrine hormone, paracrine hormone, autocrine hormone, 
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antibodies, receptor antagonists, ligands, antigens, antagonists, signal pathway 
cofactors, signal pathway components, pathogens, drugs, metabolites and toxins. 

In accordance with the present invention, a subject biosensor may be 
implanted or inserted in an animal. Preferably, the animal is a mammal. 
5 Examples of mammals into which a subject biosensor may be implanted include 
but are not limited to a mouse, rat, rabbit, pig, cat, dog, cattle, horse or sheep. 
Most preferably, the mammal is human. 

The present invention also provides a method for monitoring physiological 
or pathophysiological function. The method comprises placing into a subject, 

1 0 tissue or cells capable of carrying out a physiological or pathophysiological 
function within the subject, which tissue or cells can be used to monitor a 
chemical, physiological or pathophysiological variable associated with the 
physiological or pathophysiological function of the subject. The exogenous tissue 
or cells are then monitored for physiological or pathophysiological function. 

1 5 Preferably, tissue or cells for use in the method comprise excitable tissue or cells. 
Examples of excitable tissue or cells for use in the method include cardiac tissue 
or cells, and neuronal tissue or cells. 

In the method for monitoring a physiological or pathophysiological 
function, the tissue or cells used for placement into a subject may be coupled via 

20 an electrical interface to an electronic measuring device. The tissue or cells may 
also be coupled via an electrical interface to endogenous tissue or cells. Examples 
of physiological or pathophysiological variables which may be measured 
according to the method include heart rate regulation or heart rate. Also in 
accordance with the method, a chemical, physiological or pathophysiological 

25 variable may be a level of a compound such as e.g., blood glucose, insulin, thyroid 
hormone, clotting factors and components, endocrine hormone, paracrine 
hormone, autocrine hormone, antibodies, receptor antagonists, ligands, antigens, 
antagonists, signal pathway cofactors, signal pathway components, pathogens, 
drugs, metabolites, and toxins. 

30 In the method for monitoring a physiological or pathophysiological 

function, the tissue or cells may be implanted in an animal. The tissue or cells 
may also be incorporated into a device that is placed inside an animal. The 
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method may be performed on any animal such as, for example, a mammal. 
Preferred mammals for use in the method include a mouse, rat, rabbit, pig, cat, 
dog, cattle, horse and sheep. Preferably, the mammal is a human. 

The present invention further provides a method of regulating output of a 
5 signal, substance, or action to a subject. The method comprises placing within the 
subject, exogenous tissue or cells capable of carrying out a physiological or 
pathophysiological function, which tissue or cells can be used to monitor a 
chemical, physiological or pathophysiological variable associated with the 
physiological or pathophysiological function. The exogenous tissue or cells are 
1 0 coupled to an interventional device or a delivery device, and the output of a signal, 
substance, or action from the interventional or delivery device in response to the 
physiological or pathophysiological function of the exogenous tissue or cells, is 
regulated. 

In response to the electrical or chemical signal, the delivery device delivers 
1 5 an electrical or mechanical stimuli. Alternatively, the delivery device delivers a 
drug or a compound. Preferably, the tissue or cells are excitable tissue or cells. 
Examples of excitable tissue or cells include cardiac tissue or cells and neuronal 
tissue or cells. A physiological or pathophysiological variable monitored may be 
e.g., heart rate regulation or heart rate dynamics. A chemical, physiological or 
20 pathophysiological variable may be e.g., a level of a compound such as blood 
glucose, insulin, thyroid hormone, clotting factors and components, endocrine 
hormone, paracrine hormone, autocrine hormone, antibody, receptor antagonists, 
Jigands, antagonists, antigens, signal pathway cofactors, and signal pathway 
components, pathogens, drugs, metabolites, or toxins. 

25 In accordance with a method of regulating the output of a signal to a 

subject, the exogenous tissue or cells may be implanted in a mammal. In an 
alternative embodiment, the tissue or cells may be incorporated into a device that 
is placed inside a mammal. The mammal may be selected from the group 
consisting of a mouse, rat, rabbit, pig, cat, dog, horse, cattle and a sheep. 

30 Preferably, the mammal is a human. 

In still another aspect of the invention, there is provided a system for 
controlling heart function. The system comprises exogenous tissue or cells, 
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capable of carrying out a physiological or pathophysiological function, placed 
within a subject; and an electrical connection placed between the exogenous tissue 
or cells and the natural pacemaker region of the heart. Preferably, excitable tissue 
or cells are used such as e.g., cardiac tissue or cells, or neuronal tissue or cells. If 
5 desired, an amplifier may be added to the system in order to boost the signal from 
the exogenous tissue or cells. In another embodiment of the system, the 
exogenous tissue or cells are connected to an electronic pacemaker. The 
exogenous tissue or cells may comprise cells that are molecularly, genetically, or 
cellularly engineered. A subject which may utilize the system for controlling 
10 heart function may be any animal. Preferably, the animal is a mammal. Examples 
of mammals which may utilize the system include but are not limited to a mouse, 
rat, rabbit, pig, cat, dog, cattle, horse or sheep. Most preferably, the mammal is 
human. 

BRIEF DESCRIPTION OF THE DRAWINGS 

1 5 Figure 1 shows the simultaneous electrical activity of the endogenous heart 

and bilateral exogenous hearts in a representative trial. Shown are voltage versus 
time tracings for the endogenous heart (top panel) and two exogenous hearts 
(exogenous heart #1 and #2)) of an adult mouse 17 days after bilateral pinnal heart 
transplantation. The three hearts beat at unique, but not unrelated rates, with the 

20 exogenous hearts beating at rates approximately half that of the endogenous heart. 

Figures 2a-2d show cardiac myocyte-based relative chronotropic 
biosensing activity measured by electrocardiographs. Shown are mean RR 
intervals RR versus time for the endogenous heart (Figure 2a) and two exogenous 
hearts (Figures 2b and 2c) of an adult mouse 17 days after bilateral pinnal heart 

A 

25 transplantations. The solid curve in each graph is RR(t), the best polynomial 

curve fit to the data. Occasionally, poor signal quality or high noise made R-wave 
annotation impossible, resulting in gaps in the corresponding graph. The RR- 
interval dynamics of both exogenous hearts effectively tracked those of the 
endogenous heart; i.e., there was a clear relationship between the rate trends (i.e., 

30 increasing/decreasing) of the three hearts. Figure 2d shows the first derivative 
versus time dR&(t)/dt for the polynomial fits of the endogenous (open triangles) 
and second exogenous heart (shaded circles). When time-shifted to account for 
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the exogenous phase lag (i.e., the 72s mean delay between the endogenous and 
exogenous derivative zeros), the two derivatives had the same sign for 79% of the 
record. 1 3/1 5 trials had concordance > 70% (mean 85±1 1 %). Such high 
concordance quantitatively confirms that the exogenous heart effectively tracked 
5 increases and decreases in endogenous heart rate. 

Figures 3a and 3b graphically depict exogenous RR versus endogenous RR 
for two separate mice (3a and 3b). The solid and dotted lines in each graph depict 
the linear regression fit and the 95% confidence interval of that fit, respectively. 
In Figure la, the correlation coefficient r = 0.94 indicates that there is a strong one- 
1 0 to-one linear relationship (with slope m = 3.33 ms/ms) between the exogenous and 
endogenous RR. 5/13 positive trials had r > 0.70 (r =0.85 ±0.10, m -2.40 ±1.15 
ms/ms). 4 of the remaining 8 positive trials had at least one distinct segment (of at 
least 500 consecutive s) of effective absolute sensing, with r > 0.85 (r =0.91 ± 

0.04, jfi = 2.06 ±1.12 ms/ms for segments of at least 500s). One such trial (the 
15 same exogenous heart trial as that of Fig. 2c) is shown in Figure 3b. 

Figures 4a through 4c graphically depict endogenous and exogenous RR 
versus time for one mouse. Figure 4a represents one trial where 100p,g of 
propranolol was delivered via IP injection at t=121s. The inset shows a magnified 
portion of the endogenous data. Shortly after injection, endogenous and 

20 exogenous rates slowed (stage B) relative to baseline (stage A) in 4 out of 5 trials 
(aggregate values, as defined in Methods, are shown in Figure 4c). The 
exogenous slowing is evidence of autonomic and/or humoral control. In the trial 
shown in Figure 4b (same mouse as in Figure 4a, but performed on a different 
day), 2.0 mg clonidine was delivered via IP injection at t=49s. Shortly after 

25 injection, the endogenous rate slowed rapidly (stage B') in 6 out of 7 trials. In 

contrast, the exogenous rate continued its preinjection trend. After stage B\ both 
the endogenous and exogenous hearts slowed. In all six trials, the endogenous 
hearts slowed considerably more during stage B' than stage B, while the 
exogenous hearts slowed more during stage B than stage B\ 

30 Figure 5 graphically depicts PDGP AB Induction of Cardiac Allograft 

Rheology. Laser Doppler measured blood flow in the transplanted cardiac tissue 
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after pinnal pretreatment with platelet-derived growth factor (PDGF) AB 3 vascular 
endothelial growth factor (VEGF) or vehicle alone. 

* p < 0.05 vs control and VEGF pretreatments. 

Figure 6 graphically depicts PDGF Enhancement of Cardiac Tissue 
5 Chronotropic Activity. The Y axis measures the percentage of neonatal cardiac 
allografts demonstrating spontaneous electrocardiographic activity after pinnal 
pretreatment with PDGF (black bars). Relative tracking concordance of 
chronotropically competent allografts and endogenous electrocardiographic 
dynamics is shown by the open bars. 

10 * p < 0.05 vs control and 1 ng pretreatments. 

Figure 7 graphically depicts PDGF Enhancement of Cardiac Myocyte- 
Based Chronotropic Activity and Biosensing. Transplanted embryonic stem cell- 
derived cardiac myocytes demonstrated sustained electropotential activity after 
pinnal pretreatment with PDGF or vehicle as a percentage of all allografts with 
1 5 electropotential activity as shown by the black bars. Percentage of transplanted 
cardiac myocyte spontaneous electropotential activity demonstrating concordant 
relative tracking (>70%) is shown by open bars. 

* p < 0.05 vs control and 1 ng pretreatments. 

Figures 8a-8c show cardiac myocyte-based relative chronotropic 
20 biosensing activity measured by electrocardiographs. Figure 8a shows a 

representative example of mean RR intervals versus time for the endogenous 
heart. Figure 8b shows a representative example of mean RR intervals versus 
time for the ES-cardiac myocyte transplant of a mouse pretreated with PDGF. 
Figure 8c depicts first order derivatives versus time dRR/dt of the polynomial fits 
25 of the RR dynamics (c), and demonstrated an 80% concordance in sign for the 
trial. 

Figure 9 is a representation of cardiac myocyte-based absolute 
chronotropic biosensing activity. Plotted is a representative example of ES- 



GI92034.1 



, ) - 1 

-9- 

cardiac myocyte RR versus endogenous RR in a mouse pretreated with PDGF. 
The correlation coefficient r for the trial was .92. 

DETAILED DESCRIPTION OF THE INVENTION 

In accordance with the present invention, it has been surprisingly 
5 discovered that implantation of chronotropically-competent cardiac allografts or 
stem cell-derived cardiac myocytes, distant from and not directly linked to the 
endogenous heart, result in the exogenous tissue serving as an effective relative 
endogenous rate sensor. The resultant biologically-tuned quantification of remote 
physiological function is the basis for using excitable tissue as a biosensor which 
10 can serve as an exogenous electropotential interface for external or implantable 
devices. 

Thus, the present invention provides implantable physiological or 
pathophysiological biosensors. A biosensor of the present invention is made of 
tissue or cells capable of carrying out a normal physiological or 

1 5 pathophysiological function associated with that tissue. In a preferred 

embodiment, the tissue or cells which make up a subject biosensor are excitable 
tissue or cells. Excitable tissues respond to parameters or signals within the body 
and allow the integration or transmission of these signals as a feature of their 
excitable properties. The function carried out by the excitable tissue or cells can 

20 then be used to monitor the parameters affecting the function. Preferred tissues or 
cells for use in the biosensors of the present invention are cardiac tissue or cells or 
neuronal tissue or cells. As used herein, the term "monitor" can mean one or 
more of the following: to measure, detect, keep track of, scrutinize, check, and/or 
test. 

25 For example, cardiac tissue normally beats in response to various signals 

within the body. The physiological function of cardiac cells can then be used to 
monitor and/or respond to one or more physiological or pathophysiological 
variables associated with the physiological or pathophysiological function. Other 
excitable tissues may be used to monitor and/or respond to physiological or 

30 pathophysiological events. Intestinal tissue, for example, contracts in response to 
various physiological and pathophysiological events. Neuronal cells have 
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developed highly complex electropotential activities in response to signals in the 
body. 

The biosensors of the present invention have particular use in cardiac 
chronotropy applications because the humoral signals sensed by the exogenous 
5 tissue of a subject biosensor are still present when an endogenous heart is 
chronotropically impaired. The biosensors of the present invention with their 
direct biologically-timed approach thus offer advantages over current electronic 
pacemaker sensing of minute ventilation, oxygen pressure/saturation, and other 
surrogate signals of physiologic demand to estimate optimal beat rate. 

10 Cardiac tissue or cells and neuronal tissue or cells may be obtained from 

various sources such as donated organs or live donors. Heart tissue or cells and 
neuronal tissue or cells from either a donated organ or a live donor may be further 
cultured prior to their use in a subject biosensor. Methods for culturing cardiac 
tissue or cells are well known and can be found in e.g., Rust, Westfall & Metzger 

15 Mol Cell Biochem. 1998 Apr;181(l-2):143-55, which is incorporated by reference 
herein as if fully set forth. Methods for culturing neuronal tissue or cells are also 
well known and may be found in e.g., Barnea & Roberts, Brain Res Protoc. 1999 
Jul;4(2): 156-64, which is also incorporated by reference herein as if fully set forth. 
The organ donor and biosensor recipient should be as closely phylogenetically 

20 related as possible. For example, when a subject biosensor is to be implanted in 
an animal, animal cardiac tissue or cells and/or neuronal tissue or cells may be 
used. When the biosensor recipient is a human, cardiac tissue or cells and/or 
neuronal tissue or cells from a pig may be used. Preferably, human tissue or cells 
are used in a biosensor to be implanted in a human. 

25 The biosensor recipient may serve as tissue or cell donor. Alternatively, 

cardiac tissue or cells, or neuronal tissue or cells from a donor other than the 
biosensor recipient may be used. When cardiac or neuronal tissue or cells from a 
donor other than the biosensor recipient is used, the tissue or cells and the 
individual recipient are HLA typed and matched. 

30 The amount of tissue or cells which are used in a subject biosensor may 

vary depending on the height, weight, gender, age and condition of the recipient. 
Generally speaking, when a donor heart is used, an excised portion of about 1-2 
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mm may be used. Any tissue of the heart may be employed, such as e.g., 
sinusnodal tissue. When neuronal or cardiac cells are obtained through culturing, 
as little as one cell to about 10 7 -10 8 cells may be used. 

The tissue or cells which make up a subject biosensor may be stem cell- 
derived cardiac myocytes. In this embodiment, stem cells are used to culture 
cardiac myocytes. Stem cells may be obtained from various sources such as e.g., 
bone marrow, peripheral blood, organs, or tissue, including fat or umbilical cord 
blood, as well as any combination of these sources. The stem cells may be 
allogeneic (foreign to a biosensor recipient) or syngeneic (same to the biosensor 
recipient). Preferably, the biosensor recipient provides a syngeneic source of stem 
cells for culturing cardiac myocytes. 

The tissue or cells of the invention may be molecularly, genetically, or 
cellularly engineered to expand the range of monitored parameters and the utility 
of a subject biosensor. By "molecularly engineered" it is meant that the excitable 
tissue or cells are treated with a compound which is heterologous or foreign to the 
cell to alter or direct activity. For example, the tissue or cells may be treated with 
a compound which alters the behavior of the tissue or cells. Examples of such 
compounds include but are not limited to those falling under the categories of 
cytokines, growth factors or hormones. The cells or tissue may be treated either in 
vitro, in vivo, or ex vivo. 

By "genetically engineered," it is meant that the tissue or cells are 
transgenic, i.e., the tissue or cells comprise coding sequence for a protein which is 
heterologous or foreign to the genome of the cell. Alternatively, by "genetically 
engineered, "it is meant that the tissue or cells express a gene product which is not 
normally expressed in the tissue or cells or else the tissue or cells over-express the 
gene product. Thus, for example, by genetically engineering one or more cells to 
express a cell surface receptor or ligand, signaling component, transcription factor 
or cofactor, such genetically engineered cells when placed in a subject are useful 
for monitoring physiologic or pathophysiologic signals in the subject. 

Methods for genetically engineering cardiac myocytes or neuronal cells 
are known and are described in Edelberg, J.M., Aird, W.C. & Rosenberg, R.D., 
"Enhancement of murine cardiac chronotropy by the molecular transfer of the 
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human beta2 adrenergic receptor cDNA" J Clin Invest 101, 337-343 (1998) and 
Lin H, Parmacek MS, Morle G, et al "Expression of recombinant genes in 
myocardium in vivo after direct injection of DNA" Circulation 1990;82:2217-21, 
which are incorporated by reference herein as if fully set forth. 

5 By "cellularly engineered," it is meant that the cellular composition, 

growth architecture, geometry or intracellular connections are modified as to 
direct or alter activity. For example, the cells may be grown in different 
conformations such as in a circular arrangement or in an aggregate. Such different 
conformations may be achieved by well known methods in the art such as 
1 0 physical agitation of cells in culture or e.g., growing cells on silicon chips or other 
biocompatible surfaces having surface etchings or treatments which direct the 
growth of cells in different directions. 

A biosensor of the present invention may be placed in the body where it 
can communicate with monitoring devices either outside the body (external) or 
1 5 also within the body (internal). Such devices may be coupled to recording devices 
as well as to devices which deliver therapies such as drugs, electrical stimulations, 
or other agents or actions. 

Thus the tissue or cells which make up a biosensor of the present invention 
may consist of cells which have been engineered to produce different proteins 

20 such as e.g., coagulation factors, serotonin, growth factors, hormones, or any 
desirable receptor. Examples of growth factors include but are not limited to 
platelet-derived growth factor (PDGF) or vascular endothelial growth factor 
(VEGF). Examples of receptors for which the tissue or cells may be engineered to 
produce include but are not limited to G protein coupled receptors (GPCR) for 

25 measurement of proteases such as thrombin, and trypsin. Cells may also be 
engineered to produce signal proteins such as dopamine or serotonin or non- 
GPCRs such as tyrosine kinase receptors. The nucleic acid sequences coding for 
the aforementioned proteins are widely known and available. 

The exogenous tissue or cells which make of a subject biosensor may be 
30 coupled via an electrical interface to an electronic measuring device or an 

electronic amplifying device. This embodiment is especially useful for use in 
monitoring physiological or pathophysiological function. For example, a subject 
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biosensor comprising exogenous tissue or cells coupled via an electrical interface 
to an electronic measuring device or an electronic amplifying device is especially 
useful in the clinical setting of sick sinus syndrome. Examples of electrical 
interfaces include but are not limited to silicon chips, magnetic field sensors, and 
5 field electrodes. Examples of electronic measuring devices include electrodes and 
field effect transistors. Examples of electronic amplifying devices include 
operational amplifier circuits. An example of an electrical interface includes 
oxidized silicon. 

Alternatively, the exogenous tissue or cells which may be coupled directly 
10 to endogenous tissue or cells. For example, exogenous cardiac tissue or cells may 
be placed within a subject and an electrical connection placed between the 
exogenous tissue or cells and the natural pacemaker region of the heart. This 
embodiment is especially useful in the clinical setting of improving pacemaker 
responsiveness in patients exhibiting symptomatic chronotropic incompetence. 

1 5 Numerous chemical, physiological or pathophysiological variables may be 

monitored by the biosensors of the present invention. Such variables include for 
example, heart rate regulation or heart rate dynamics. Chemical, physiological or 
pathophysiological variables such as the level or activity of a compound or 
cellular action may also be monitored. Examples include the level or activity of 

20 blood glucose, insulin, thyroid hormone, clotting factors and components, 
endocrine hormone, paracrine hormone, autocrine hormone, antibody, fibrin 
formation, platelet aggregation, receptor antagonists, ligands, antagonists, signal 
pathway cofactors, signal pathway components, pathogens, drugs, metabolites, 
and toxins. The wide array of chemical, physiological and pathophysiological 

25 variables which may be monitored by the biosensors of the present invention 

indicate that the biosensors may be used to monitor, respond to, and intervene in, 
pathways and functions involving many different organs and organ systems. 

A biosensor of the invention may be placed into a recipient subject, either 
implanted directly or as part of a device. As used herein, the terms "implant," 
30 "implantation," "place," "placement, " or "insert," as well as variations thereof, 
may be used interchangeably. "Implantation" may, in some instances, connote 
more permanence than "placement." Thus, a subject biosensor may be inserted in 
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an animal recipient by means of a catheter or tubing comprising cells or tissues or 
through a surgical procedure. If the biosensor is to remain in an animal recipient 
long term, the placement may also be referred to as implantation. 

The nature of a device which may form part of a biosensor of the present 
5 invention can vary. For example, tissue or cells may be placed on the tips of a 
catheter, tube or tubing which is then placed into an animal recipient. The device 
may also be a wire which is coated with tissue or cells and then put in contact with 
blood, such as when placed within an artery or vein. Preferably, the tissue or cells 
are excitable tissue or cells. In this aspect of the invention, the wire serves as a 

1 0 signaling device in detecting the level of a physiological or pathophysiological 
variable. The wire may serve as a signaling device upon detection of a level or 
activity of a compound such as e.g., blood glucose, insulin, thyroid hormone, 
clotting factors and components, endocrine hormone, paracrine hormone, 
autocrine hormone, antibodies, receptor antagonists, ligands, antigens, 

1 5 antagonists, signal pathway cofactors, signal pathway components, pathogens, 

drugs, metabolites, and toxins. For example, a recipient patient may be monitored 
for clotting factors in order to determine the level of blood thinning. A patient 
may also be monitored for fibrin formation or platelet aggregation. The wire may 
be further connected to a another device. For example, a wire having cells or 

20 tissues placed thereon may be used to monitor glucose level. The wire may be 
further connected to an insulin pump which pump may be placed externally or 
internally. As another example, the wire may serve to signal the growth of a 
tumor. Another example of a device which may form part of a subject biosensor 
are wire leads connected to a recipient heart, either through direct implantation of 

25 the biosensor in the recipient heart tissue or vasculature or indirectly through the 
placement of the wires of the biosensor device in the recipient heart tissue or 
vasculature. In still another example, the device may be an electronic pacemaker 
having a component which connects to the body. The component may house 
exogenous tissue or cells. 

30 A biosensor recipient may be any animal. Preferably, the animal is a 

mammal. Examples of mammals which may be recipients of a subject biosensor 
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include but are not limited to a mouse, rat, rabbit, pig, cat, dog, cattle, horse or 
sheep. Preferably, the mammal is a human. 

The present invention also provides a method for monitoring a 
physiological or pathophysiological function. Tissue or cells capable of carrying 
5 out a physiological or pathophysiological function, which can be used to monitor 
a chemical, physiological or pathophysiological variable associated with the 
physiological or pathophysiological function are placed into a mammal, either 
implanted directly or as part of a device. The physiological or pathophysiological 
function of the exogenous tissue or cells is then monitored. 

10 The invention may also be used to regulate the output of a.signal, 

substance, or action from an interventional device or a delivery device. In this 
aspect of the invention, the monitoring function of the exogenous tissue or cells is 
integrated with an interventional device or delivery device to regulate the delivery 
of a signal, substance, or action to a subject. Examples of signals include 

15 electrical or chemical signals. An electrical signal includes e.g., a pacemaker 

signal. A chemical signal might be e.g., a drug. Examples of substances may be a 
hormone such as insulin, factors such as a growth factor, a polymer such as 
heparin, and may also include a drug. An example of an action is a mechanical 
action or cell or tissue depolarization. 

20 As described above, numerous chemical, physiological or 

pathophysiological variables may be monitored by the biosensors of the present 
invention. In addition to heart rate regulation or heart rate dynamics, chemical, 
physiological or pathophysiological variables such as the level or activity of a 
compound or cellular action may be monitored. Examples include the level or 

25 activity of blood glucose, insulin, thyroid hormone, clotting factors and 
components, endocrine hormone, paracrine hormone, autocrine hormone, 
antibody, fibrin formation, platelet aggregation, receptor antagonists, ligands, 
antagonists, signal pathway cofactors, signal pathway components, pathogens, 
drugs, metabolites, and toxins. 

30 As described above, the wide array of chemical, physiological and 

pathophysiological variables which may be monitored by the biosensors of the 
present invention indicate that the biosensors may be used to monitor, respond to, 
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and intervene in, pathways and functions of many different organs and organ 
systems. Regulating the output of a signal, substance, or action in a subject may 
therefore be used to intervene in pathways and functions of many different organs 
and organ systems. 

As described above, exogenous tissue or cells capable of carrying out a 
physiological or pathophysiological function, which can be used to monitor a 
chemical, physiological or pathophysiological variable associated with the 
physiological or pathophysiological function, are placed into the subject, either 
implanted directly or as part of a device as hereinbefore described. The 
exogenous tissue or cells are connected to a interventional or delivery device. The 
output of a signal, substance, or action from the interventional device or delivery 
device is then regulated in response to the physiological or pathophysiological 
function of the exogenous tissue or cells. 

Examples of delivery devices include but are not limited to an electronic 
pacemaker, insulin pump, or drug pump. Examples of interventional devices 
include but are not limited to alarm systems and mechanical devices. Such a 
mechanical mechanism may directly pump blood or contract the heart or other 
part of the vasculature to direct blood flow. Similarly a device may directly 
augment air exchange in the lungs. 

The present invention further provides a system for controlling heart 
function. The system comprises exogenous tissue or cells and an electrical 
connection between the exogenous tissue or cells and the natural pacemaker 
region of the heart. The exogenous tissue or cells are capable of carrying out a 
physiological or pathophysiological function and may be used to monitor a 
chemical, physiological or pathophysiological variable associated with the 
physiological or pathophysiological function. In a preferred embodiment, the 
exogenous tissue or cells are excitable tissue or cells such as e.g., cardiac or 
neuronal tissue or cells. In a most preferred embodiment, the exogenous tissue or 
cells are cardiac tissue or cells. The electrical connection may include additional 
components such as an amplifier, a signal processor, or even a full electronic 
pacemaker which responds to the output from the tissue or cells. 
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The biosensors or the present invention may be placed, inserted or 
implanted in various locations within an animal subject. For example, a subject 
biosensor may be placed in a subcutaneous pocket anywhere on the body. Other 
locations for implantation of a subject biosensor include for example, the vascular 
5 lumen. The heart of a biosensor recipient may also be the location for a biosensor 
of the present invention. Such a location is especially preferred when the 
biosensor is used for controlling heart function. 

Implantation of a subject biosensor may be performed on an animal patient 
via a surgical procedure. Preferably, the patient is placed under a general or local 

10 anesthesia during the implantation procedure. The biosensor when implanted 
alone or as part of a device is preferably implanted in a manner such that the 
exogenous tissue or cells is in direct communication with blood-borne substances 
delivered via the endogenous blood supply. In addition, the biosensor may be 
directed to detect signals from the endogenous nervous system and as such would 

1 5 be preferably implanted in a manner such that the exogenous tissue or cells is in 
direct communication with neuronal signals delivered via the endogenous nervous 
system. 

The following examples further illustrate the invention. 
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EXAMPLE I 

Excitable tissue-based biosensors were developed by the implantation of 
chronotropically-competent cardiac allografts distant from (and not directly linked 
to) the endogenous heart. Neonatal FVB murine hearts were transplanted into the 
5 pinneas of three-month old FVB mice as previously described [32, 33]. Fifteen 
mouse hearts were implanted into nine mice (six mice received a transplanted 
heart in each ear, while three mice received a transplanted heart in only one ear). 

Cardiac electrophysiological temporal dynamics were then monitored. 
Between 17 and 41 days post-transplantation, electrocardiographic (ECG) activity 

1 0 of the endogenous and exogenous hearts was measured following intraperitoneal 
(IP) anesthetization with avertin 2.5% (vol/vol). ECGs were acquired for an 
average of 45 min. (range: 27 to 1 17 min.) via an A-M Systems Model 1700 four- 
channel differential AC amplifier. Signals were bandpass filtered between 3.0 and 
100.0 Hz, notch-filtered at 60.0 Hz, amplified 1000X, and sampled at 500 Hz by a 

1 5 National Instruments AT-MIO-1 6E-1 0 data acquisition board on a 266 MHz Intel 
Pentium-II computer running Real-Time Linux [30]. Figure 1 shows 
simultaneous electrical activity of the endogenous heart and bilateral exogenous 
hearts in a representative trial. The three hearts beat at unique, but not unrelated 
(as seen in Fig. 2), rates, with exogenous rates approximately half of the 

20 endogenous rate. 

Mean interbeat interval time series RR illuminated a clear relationship 
between exogenous and endogenous dynamics (Fig. 2). Post-acquisition 
automatic (with manual correction as needed) ECG R-wave annotation was 
performed using custom Linux C++ software. Mean RR intervals RR were 

25 computed every two seconds so dynamics of the endogenous and exogenous 

signals, which have different inherent rates, could be compared quantitatively at 
synchronized time slices. (Two seconds was selected arbitrarily; no qualitative 
differences were found for interval lengths of one, five, or ten seconds.) The 15- 
trial endogenous mean RRmax - RRmin =3 1 .2 ± 24.9 ms while the exogenous mean 

30 RR m ax - RRmin = 100.8 ± 72.0 ms. 

The ability of the exogenous tissue to track relative temporal endogenous 
dynamics (i.e., increasing/decreasing trends) was quantified via analysis of the 
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derivatives of polynomial curves fit to the RR time series (Fig. 2d). Each discrete 
RR time series was fit (using Matlab 5.3.1) to a continuous-time order P 
polynomial function given by RR(t) = a/ + ait 1 + ...+ a P .it + a P . P was 
selected as that order (P < 25) for which: (i) RR(t), when evaluated at the same 
discrete-time slices as RR, accounted for at least 95% of the raw variability of RR 
(if this was not satisfied for any P < 25, P was set to 25), and (ii) the exogenous 
and endogenous dRR(t)/dt functions, computed analytically over the time course 
of the record, had the highest concordance (i.e., the highest fraction of time that 
the two derivatives had the same sign), which is a measure of the ability of the 
exogenous heart to track the increases and decreases in endogenous rate. 



Mouse # 


Exogenous 
Heart # 


Days since 
Transplant 


DRR(t)/dt 
concordance 


R 


1 


1 


41 


0.69 


0.60 


2 


1 


41 


1.00 


0.94 


3 


1 


41 


0.90 


0.82 


4 


1 


17 


1.00 


0.86 


4 


2 


17 


0.47 


-0.62 


5 


1 


17 


0.79 


0.70 


5 


2 


17 


0.51 


-0.64 


6 


1 


17 


0.77 


0.03 


6 


2 


17 


0.79 


0.42 


7 


L_ 1 


17 


0.84 


0.94 


7 


2 


17 


0.70 


0.18 


8 


1 


37 


0.97 


0.21 


8 


2 


37 


0.98 


0.23 


9 


1 


37 


0.77 


0.14 


9 


2 


37 


0.86 


0.51 






Mean: 


0.80 


0.35 






Mean 

(excluding 4,2 
and 5,2): 


0.85 


0.51 



TABLE 1 



For 13/15 exogenous cardiac allografts, the endogenous and exogenous 
derivative curves had concordant sign for over 70% (mean=85 ± 11%) of the 
given trial, indicating that the exogenous tissue was an effective relative 
endogenous rate sensor (Table 1). 
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In addition to their relative tracking ability, the majority (9/13) of 
exogenous hearts showed evidence of effective absolute sensing function (i.e., at 
any given time, the exogenous rate, appropriately scaled, could be used as an 
effective predictor of the natural heart rate). Exogenous-endogenous RR 
5 correlation computation was used to determine sensing function behavior. The 
correlation coefficient (defined for two N-length time series x and y as 

Z "i (*/ ~ *)( y_i - 30 

'•=vz,> 1 -*> i -s;> 1 -*> i 

10 , where % * s the mean of % ) was computed between each exogenous and 
corresponding endogenous RR time series. 

Two types of absolute sensing function behavior were found: (i) a strong 
one-to-one linear relationship between the dynamics of the two hearts for the 
entire trial (in 5/9 exogenous hearts; e.g., Fig. 3a) or (ii) temporally-distinct highly 
15 correlated segments during the trial (in 4/9 exogenous hearts; e.g., Fig. 3b). Such 
temporal shifts in absolute sensing function indicate that the exogenous activity is 
mediated by a subset of the multiple inputs that govern the endogenous dynamics. 

To identify the exogenous input subset, endogenous and exogenous 
chronotropic regulation by pharmacological manipulation were studied. A new set 

20 of mice, with pinnal hearts implanted as before, were subjected to 

pharmacological trials between 41 and 62 days post-transplantation. Separate 
experiments were performed with IP propranolol (lOOng) and IP clonidine (2.0 
mg). To detect pharmacological rate effects, rate trends of distinct trial stages (as 
annotated in Fig. 4) were quantified by a normalized rate of change given by m 

25 = ( (RRj-RRJ/RR)/ t, where RR t andT^/are the averages of the initial and final 3 
RRs of a given stage, respectively, RR is the mean RR for the record, and t is the 
stage duration. Intraperitoneal propranolol was administered in an attempt to 
block humoral and autonomic fi-adrenergic receptor pathways (Fig. 4a). As 
expected, shortly after injection, endogenous rate slowed. The exogenous rate 

30 underwent an even more dramatic decline, indicating that it is controlled by 
humoral and/or autonomic inputs. 
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To further define the nature of the exogenous inputs intraperitoneal 
clonidine trials were performed. In 6/7 trials, a rapid decrease in endogenous 
heart rate (lasting 1 0 to 30s), which is consistent with clonidine's reduction of 
efferent sympathetic nerve activity [34], was observed within 20s post-injection 
5 (Fig. 4b). In contrast, there was a negligible reduction in exogenous heart rate 
during this time, suggesting that the exogenous hearts are not under significant 
direct autonomic control. Following this initial post-injection stage, both hearts 
underwent a gradual heart-rate reduction consistent with a humoral response to 
clonidine's secondary effect of noradrenaline-release inhibition [35]. The results 
10 illustrated in Fig. 4 indicate that the chronotropic biosensing of the exogenous 
excitable tissue is mediated by predominately humoral influences. 

The ability of 13/15 exogenous hearts to function as effective relative rate 
sensors, and to function as absolute rate sensors over all (e.g., Fig. 3a) or segments 
(e.g., Fig. 3b) of a trial is compelling evidence that exogenous excitable tissue can 
1 5 function as a responsive biosensor. 



Gl 92034.1 



-22- 



EXAMPLE II 
MATERIALS AND METHODS 

Cardiac Transplant Model 

Whole heart tissue-based in vivo biosensors were generated as previously 
5 described, employing neonatal (24 hr old) murine heart transplanted into the pinna 
of an isogeneic adult murine host (36, 37). Sets of mice were pretreated 
subcutaneously by pinneal injections of recombinant platelet derived growth 
factor (PDGF AB) (100 ng/20 ^iL PBS; R&D Research), vascular endogenous 
growth factor (VEGF) (100 ng/20 |iL PBS; R&D Research) or vehicle alone, one 

10 day prior to receiving cardiac allograft transplants. The following day, a small 
pocket between the skin and cartilage was dissected toward the tip of the ear with 
delicate curved forceps. The total donor neonatal heart was excised without the 
pericardial sac and inserted into the ear pocket. Gentle pressure with the tips of 
the forceps was applied to the ear to express air from the pocket and facilitate the 

1 5 adherence between donor and recipient tissues. Two days after transplantation, 
the functional blood flow to the transplanted cardiac tissue was assessed by laser 
Doppler with an Advance Laser Flowmeter ALF21/21D (Advance, Tokyo) similar 
to that previously described (38). The PDGF AB dose response curve of 
chronotropic activity was also tested by pretreatment of the murine pinnae with a 

20 range of PDGF AB concentrations (1, 10 and 100 ng/20 |iL PBS) or vehicle alone 
1 day prior to receiving cardiac allograft transplants. The ears were allowed to 
heal for 2 days prior to data acquisition and chronotropic activity within the first 
week post transplantation was measured as described below. N was > 10 for each 
experimental set. 

25 Embryonic Stem Cell-Derived Cardiac Myocyte Transplants 

Cardiac cell-based based in vivo biosensors were generated with 
embryonic stem cell-derived cardiac myocytes in the place of whole neonatal 
cardiac tissue. Spontaneously beating cardiac myocytes were derived from E9 
murine pluripotent embryonic stem cells (American Tissue Culture Company, 
30 Rockville, MD) as previously described (39). Briefly, embryonic stem cells were 
cultivated on a feeder-layer of primary mouse embryonic fibroblasts in DMEM 
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supplemented with non-essential amino acids, L-glutamine, B-mercaptoethanol, 
20% fetal calf serum, and 100 IU leukemia inhibiting factor (LIF). Droplets of 
cells (10 4 cells in 30 \xL of culture media without LIF) were pipetted onto the lids 
of 3cm bacteriological petri dishes filled with PBS and cultivated for two days. 
The resulting aggregates were transferred from the hanging drops into 6cm dishes, 
were further cultivated for five days, and were then transferred to 12-well plates. 
Spontaneous chronotropic myocyte aggregates formed between 5 and 10 days 
after transfer and were subsequently employed in the murine pinnal transplant 
model in the place of the neonatal cardiac tissue. The mice were pretreated with 
PDGF (20 ng in 20 ^iL PBS, n=37; or vehicle alone, n=20) as described above. 
The following day, myocyte aggregates physically dissociated and suspensions of 
cells (5 x 10 4 cells in 20 ^iL) were injected into the pinnal transplant pocket, which 
was then sealed via gentle pressure with forceps. The ears were allowed to heal 
for 2 days prior to data acquisition and chronotropic activity within the first week 
post transplantation was measured as described below. 

Electrocardiograms 

At various time times after transplantation, defined by the protocols 
described below, ECG activity of the endogenous and exogenous hearts were 
measured following anesthetization with avertin IP. ECGs were acquired for a 
minimum of 60 min via an A-M Systems Model 1700 four-channel differential 
AC amplifier. Signals were bandpass filtered between 3.0 and 100.0 Hz, notch- 
filtered at 60.0 Hz, amplified 1 000X, and sampled at 500 Hz by a National 
Instruments AT-M.IO-16E-10 data acquisition board on a 266 MHz Intel Pentium- 
II computer running Real-Time Linux. Transplant activity was defined by two 
criteria. "Sustained" activity was characterized by consistent, monomorphic, 
periodic waveforms that continued for at least 200 seconds. "Sporadic" activity 
was characterized by a spectrum of activity including short-lived, irregular, 
multimorphic activity, regular activity lasting less than 200 seconds, and slow, 
scattered monomorphic waveforms that recurred multiple times throughout the 
recording period. 
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Quantitative Rate Analysis 

Post-acquisition automatic (with manual correction as needed) ECG R- 
wave annotation was performed using custom Linux C++ software (40). Mean 
RR intervals were computed every two seconds so dynamics of the endogenous 
5 and exogenous signals, which have different inherent rates, can be compared 
quantitatively at synchronized time slices 

Endogenous-Exogenous Cardiac Chronotropic Correlation 

Recordings from the exogenous and endogenous tissue were analyzed for 
relative and absolute chronotropic correlation. Discrete data sets of at least 200 s 

10 were fit (using Matlab 5.3.1) to a continuous-time order polynomial function 

given by RR(t) =aot p + a/" 1 + ... a p t + a t , with P selected as that order (P 2^ for 
which: (i), RR(t) 5 when evaluated at the same discrete-time slices as RR, accounts 
for at least 95% of the raw variability of RR (if this was not satisfied for any P 
<25, P was set to 25), and (ii) the exogenous and endogenous dRR(t)/dt functions, 

1 5 were computed analytically over the time course of the record, with interval time 
shift for exogenous lag, and demonstrated the highest concordance (i.e., the 
highest fraction of time that the two derivatives had the same sign). A 
concordance of > .70 was employed as a measure of the ability of the exogenous 
heart to track the increases and decreases in endogenous rate. Absolute 

20 chronotropic correlation were measured by the coefficient (defined for N-length 
time series x and y as r=[ ( *-x mca „)(yrym C an)]/[ (*-x mean ) 2 (y,.y mea n) 2 ] 
computed between each exogenous and corresponding endogenous RR time series. 
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EXAMPLEIII 
RESULTS 

Enhanced Vascularization and Optimization 
of Tissue-Based Chronotropic Kinetics 

5 The potential of cytokine pretreatments to enhance the vascularization and 

chronotropic biosensing by the cardiac allografts that are regulated by blood-borne 
signals from the host was assessed. The host pinnae were injected with either 
vascular endothelial growth factor (VEGF), platelet-derived growth factor 
(PDGF) or vehicle alone and the following day were transplanted with neonatal 
10 cardiac allografts. Laser Doppler measurements revealed that the hearts 

transplanted into the pinnae pretreated with PDGF received over twice as much 
blood flow as those allograft implanted in the control and VEGF pretreated mice, 
Figure 5. 

Based on the rheology results the role of PDGF pretreatment in the 
15 development of chronotropic activity in the transplanted hearts was evaluated. 
The mice were pretreated with a range of PDGF doses and spontaneous 
chronotropic activity of the cardiac allografts was recorded one week after 
transplantation. These studies revealed that almost twice as many exogenous 
hearts in the mice injected with 10 to 100 ng of PDGF had spontaneous 
20 chronotropic activity as compared to the control and 1 ng pretreatment groups, 
Figure 6. In addition to measuring spontaneous beating, the ability of the 
transplanted cardiac tissue to emulate the chronotropic dynamics of the 
endogenous heart rate was also measured. These studies demonstrated similar 
average relative tracking concordance in all the transplants with spontaneous 
25 chronotropic activity regardless of the pretreatment groups, Figure 6, indicating 
that the vascular threshold for the development of chronotropic activity is linked 
to biosensory potential of the intact cardiac tissue transplants. 

Embryonic Stem Cell-Derived Cardiac Myocyte Biosensory Potential 

The defining of a set of host manipulations that enhance the kinetics of 
30 tissue-based chronotropic dynamics offered a foundation for developing the cell- 
based system to act as a biosensor of physiologic activity. To this end, embryonic 
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stem cell-derived cardiac myocytes were generated and implajited into the murine 
pinna in the place of the neonatal cardiac tissue. Chronotropic dynamics recorded 
as described above for the cardiac allograft experiments. The majority of cellular 
transplants in both pretreatment groups demonstrated at least spontaneous or 
5 sustained electropotential activity (19/20 control transplants; 30/37 PDGF 

transplants). Moreover approximately a quarter of both of these electrically viable 
cellular transplants demonstrated sustained depolarizations, Figure 7. Unlike the 
whole heart allografts however, pretreatment of the hosts with PDGF did not alter 
the development of chronotropic activity of the transplants, indicating that the 
1 0 myocytes received a sufficient vascular supply to maintain rhythmic 
electopotentials in the intact host. 

The PDGF-mediated rheologic enhancement did improve the biosensory 
capacity of the transplanted cells. All of the sustained active cardiac myocytes 
transplanted into the pretreated pinnae acted as relative biosensors of the 

1 5 endogenous chronotropic dynamics, whereas only a quarter of the control 

transplants demonstrated relative biosensory potential, Figure 8. Moreover, the 
PDGF pretreated group revealed a high degree of concordance of absolute 
tracking, Figure 9 (myocyte RR vs endogenous RR r = .80 +/- .15), indicating that 
signals from these cells could be employed as direct biosensors of the predicted 

20 endogenous heart rate These results demonstrate that a combination of enhanced 
angiogenic activity and embryonic cell-derived cardiac myocytes offer a 
biologically-based approach to predict physiologic chronotropic demands. 
Indeed, these findings extend the experimental results obtained in Example I 
where whole neonatal cardiac tissue was employed to detect the blood-borne 

25 signals that regulate the endogenous heart rate. The specific proangiogenic host 
interventions that increased the vascularization of the transplanted tissue markedly 
enhanced their development of chronotropic activity in the cardiac allografts. 
Moreover, this approach allowed the embryonic stem cell-derived cardiac 
myocytes to act as excellent relative and absolute biosensors of chronotropic 

30 dynamics. The present findings indicate that tissue-based biosensors may be used 
for the direct biologic integration of physiologic signals into electronic pacemaker 
technology in the clinical setting. 
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The interaction between the enhancement in transplant neovascularization 
and biosensory potential may be of increased importance in older individuals, who 
as a population have the highest prevalence of chronotropic incompetence. 
Previous studies have demonstrated that the angiogenic development of new blood 
5 vessels decreases with aging (41). Moreover, age-associated differences in 
cardiac angiogenesis correlate with a diminished capacity of cardiac 
microvascular endothelial cells to migrate into new capillary beds (42), and 
suggest that approaches that can restore this angiogenic activity may be critical in 
the translation of biologically-based biosensor approaches to improve 
1 0 chronotropic treatments. 
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